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Investigation of Gaseous Nuclear Rocket Technolo= 

Quarterly Progress Report No. 23 - bbrch 16, 19i.9 threugh June 15, 1969 

Coilt rac t Ww- 847 

The invest igat ion of gaseous nuclear rocket technology under Ccritract NASw-8b7 
covers work in the following t e c k i c a l  areas: 
vortex flow, primarily i n  an r-f' heated vortex, t o  obtain information f o r  applica- 
t i on  t o  a nuclear l ight  bulb reactor;  s tudies  of coax ia l  flows; stuc?Les of t h e  
radiant heat t x n s f e r  syectrum emitted from t h e  fuel region of a nuclear light bulb 
reactor;  s tudies  of radiat ion e f f ec t s  OF- the transmission c h a a c t e r j s t i c s  of trans- 
parent Itlrzterials mounted i n  t h e  Langley Dynamitron electron accelerator  and in a 
conventionai continuous reactor;  and s tudies  of the charac te r i s t ics  of full-scale 
engines and of models which might be t e s t e d  i n  the  Pewee test reactor .  
current report  period, the xnaximm power deposited i n  a gas discharge by t h e  r-f 
heater was increased frcm130 t o  215 kw. the power 
rac5ated through the  peripheral  w a l l  vas 156 kw; t h e  corresponding radiating flux 
based on the discharge surface zsea was 36.7 k~/in.~; and the corresponding equiva- 
l e n t  black-body radiat ing temperature was 10,200 R. 
einploying 0.01-in.-wall-thickness tubes were conducted, and models having O.OO5-in.- 
wall-thickness tubes have been fabr i ra ted .  
conducted w i t h  several  different, in le t  configurations. 
t e s t s  performed at the  Langley Dynamitron electron accelerator  indisat;-.d t h a t  the. 
steady-state absorption coeff ic ient  at  the center of  the 0.215-micron absorption 
band i n  f'used s i l i con  increased with e i the r  sn increase i n  e lectron f lux  or  a 
decrease i n  specimen temperature. 
of t he  program designed t o  calculate  engine charac te r i s t ics  during t r ans i en t  
operation. 

experimenial iavest igat ions of 

W i n g  t b e  

A t  t h i s  higher power level :  

Preliminary t e s t s  of models 

Ir. the  cozxial f l o w  program, tests were 
Results of f* s<!ries of 

Preliminary r e s u l t s  were obtained from 8 portion 

The inves t iga t im  described heroin is  being carr ied out under Contract Nksw-847 
with the National Aeronautics and Space Administration through the  Space Nuclear 
Propulsion Office. 



F L U I D  1~'EHAI'JICS OF NUCLEXR LIGHT BILB REACTOR 
(J. S. Kendall, et a l )  

During t h i s  report  period, s ign i f icant  results were obtained i n  a l l  pragram 
areas. 
power radiated !Yam t h e  l i g h t  source has been attained, and t h e  maximum ;?over 
deposited i n  a gas discharge !mi been increased t o  215 kw. For t h i s  test t h e  
energy flux through t h e  discharge per iplery was 36.7 kw/in.2, which corresponds 
t o  an equivaleat Slack-body rad ia t ing  temperature of 10,200 R. 
t ransparent-wall  models and components w a s  continued. A trarisparent-wall m o d e l  
v i t h  0.005-in. -wall-thickness coolant tubes has Seen fabricated.  Gas discharge 
tests emgloying t h i s  model will be conducted ea r ly  i n  t h e  next report  period. 
Gas discharge tests employing a 0.010-in. -wall-thickness model were conducted i n  
t h e  1.2-megw r-f induction heater. These tests a r e  described i n  a following 
seeLon. I n  t h e  area of propellant heating research, t h e  first se r i e s  of 
dmonstrat iou test: were conduceed i n  t h e  d-c a rc  f ac i l i t y .  
vortex maid  mechanics zasearch, t h e  experimental invest igzt ion of seeded 
plasmas i n  t h e  8O-kw r-f heaxer was continued and addi t ional  isothermal two- 
component vortex conts iment  tests were conducted i n  t h e  high Reynolds number 
f ac i l i t y .  
Research Program i s  presented i n  t h e  following section. 

I n  t h e  r-f l i g h t  source research programs, t h e  FY 69 goal of 150 kw of 

Developent of 

Ir- t h e  area of 

A discussion of t h e  current status of the entire Flu id  Mechanics 

R-F Light Soxrce Research 
(W. C. Roman) 

Test Conf i rna t ion  

For most tests t h e  t e s t  geonetry and diagnostic equipment employed was ' 

i den t i ca l  t o  t h a t  described i n  Gparterly Progress Report No. 22. However, for  
a few tests, two changes w e r e  made. F i r s t ,  s w i r l  in jec tors  bere employed on 
both end walls. 
permitted s t a b l e  operation a t  higher power and pressure l eve l s  than had been 
previously achieved. Secondly, t h e  I D  of  t h e  s w i r l  in jec t ion  tubes was reduced 
*om 0.10 t o  0.067 in.  
than 20 atm pr ior  t o  conducting gas discharge t e s t s .  

This produced a more symmetric in jec t ion  configuration and 

The test configuration was pressure t e s t ed  t o  greater  

Discussion of Pr incipal  Results 

The major objectives of t h e  gas discharge t e s t s  conducted during t h i s  report 
period were t o  increase the  t o t a l  steady-state r-f power deposited i n  t h e  dischayge 
and t o  increase t h e  dischcrge pressure aboy!e those leve ls  which have been 
previously obtained. 
specif ical ly ,  a 65 percent increase i n  t h e  t o t a l  power deposited i n  t he  plasma 
and an 84 percent increase in t h e  discharge pressure over those previously 
reported. 

Signif icant  increases were obtained i n  both areas; 

The maximum power deposited i n  t h e  plasma i n  any t e s t  was 215 kw. 
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For t h i s  t e s t  the  discharge pressure was 8.5 atm and the  =con weight flow was 
0.030 lb/sec. 
components of the  system a re  presented i n  Table I. 
20,500 R within the plasma was dekerdne4 f romthe  measured pl~csma volume, the  
measured t o t a l  radiat ion,  and Ref. 1. 
periphery of the fischarge corresponds t o  an equivalent black-body radiat ing 
temperature of 10,200 R . 

Additional r e su l t s  and a summary of the energJ losses i n  various 
An average temperature of 

The measured Tadiant enerLgy f lux  f romthe  

Results of all t h e  most recent gas discharge t e s t s  are  presented in Figs. 1 

The optical. 
t o  4. 
the  discharge diameter varied from 0.62 t o  0.95 i n .  (see Fig. 1). 
scanning system (described i n  Quarterly FYogress Report No. 22) w a s  used t c  
determine the  p l a s m  diameter. 
of the discharge. 
aid i n  estimatirlg the  plasma shape. 

The argon weight flow ra t e s  were vasied between 0.010 and 0.041 ib/sec and 

Th?; dieJ&Xi* vas measured at  the  ax ia l  midplane 
Photographs of the discharge were taken from various angles t o  

In  the  t e s t s  at the highest power leve ls ,  % 5- 175, the discharge d i a e t e r  
was  intent ional ly  allowed t o  increase s l i gh t ly  because of a l imi ta t ion  i n  the  
r-f induction heater  (specif ical ly ,  exis t ing cooling capabi l i ty  of t he  vacuum 
capacitors within the  resonator limits the  peak r-f current fo r  steady-state 
operation t o  &pprox-h te ly  l5OG amp).  
achieved by decreasing the argon weight flow and discharge pressure. 

This increLse i n  p l a s m  djameter was 

The var ia t ion of radiant  energy f lux  w i t h  t o t a l  discharge power i s  pre- 
sented in Fig. 2. The radiant energy flux, &, is: 

where $J is  equal t o  the  power deposited i n  the peripheral-wall cooling water- . 

dye mixture, QR i s  the  power measured by the  radiometar located outside of the  
t e s t  chamber, Q-J i s  the  e s t i m t e d  power conducted through the  f'used s i l i c a  tube 
which forms the  peripheral  wall of the vortex chamber, and As i s  the  surface 
area of the  discharge. 
measured. E s t h t e s  o f t h e  magnitude of % were m.de by calculating the  heat 
which could be conducted through the  f'used s i l i c a  w a l l  adjacent t o  the  plasma 
fo r  a w a l l  surface temperature of 1800 F. Experience has indicated that  rapid 
cooling of f i s ed  s i l i c a  from temperatures i n  ;ixcess of 1800 F w i l l  induce r e s i -  
dual s t resses  i n  the  tubes which can be seen when viewed under polarized l i gh t .  
Examination of the  tubes employed i n  the  highest power t e s t s  shared only s l i g h t  
t races  of res idual  s t resses .  Thus, it i s  believed t h a t  the surface temperature 
of the f i s ed  s i l i c a  tube did not exceed 1800 F even during the  highest parer 
t e s t s .  
was 3.0 in .  
silf.ca w a l l  w i l l  l i k e l y  occur over a slightly longer length.) 
assumptions, % was calculated t o  be equal t o  9.0 kw. 
used f o r  the  data shown i n  Fig. 2 where + i s  z 100 kw. 

For the  t e s t s  reported herein,  Q was not d i rec t ly  

It was f'urther assumed t h a t  t h e  effect ive length for  conduction heat flow 
(The discharge length i s  2.0 in . ,  but convective heating of the  fused 

Based on these 
nis value fo r  Q was 
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F D r  those t e s t s  i n  which Q,T s 100 kw, % was assumed t o  be negl igible ,  
iiiaximwn value of radianx flux achieved t o  da.te was 36.7 kw/in.2 which corresponds 
t o  an equivalent black-body r ad ia t ing  temperature of 10,200 R. 

The 

The vwia t ion  of power densi ty  with t o t a l  discharge power is presented i n  
The maximum power densi ty  achieved w a s  322 kw/in.3 (a 36 percent Fig. 3. 

inc-?ase over t ha t  previously obtained) a t  a discharge pressure of 10 atm and a 
t o t a l  discharge power of 177 kw. 

The e f f ec t  of discharge pressure on t h e  f r ac t ion  of t h e  t o t a l  energy 
t ransfer red  through t h e  per ipheral  w a l l  is shown i n  Fig. 4. 
pressure reached was 16 a t m  i n  a test  w i t h  a t o t a l  discharge power of 113 kw. 

The maximum discharge 

Spectral  emission measurements f c r  several test  conditicns were completed 
t o  obtain an estima5e of t h e  temperature t i i s t r tbu t ion  i n  t h e  plasma. 
system and spectrameter employed a re  described i r _  Ref. 2. However, f o r  the 
current measurement the  loop sl i t  lcca ted  between t h e  plasma and monochrmeter 
entrance s l i t  M ~ S  replaced with a 27.5 in. focal length  lens .  Wavelength scari 
were made a t  lOUO~,/min.  File photmult j -pl ier  output was processed and recordoed 
on a Model 1108 vis icorder ,  Tile xavelength scans covered t h e  38001 t o  8500A 
range. 
These tem2eratures were determined *om t h e  observed chordal var ia t ion  i n  
i n t e n s i t y  of %he Argon 4158.591 spec t r a l  l ine.  
ponds t o  a r e l a t i v e l y  low-power, low-pressure test  condition, while t h e  so l id  
l i n e  corresponds t o  a t e s t  condition a t  increased power and pressure. As 
expected, t h e  peak temperature occurs away frm t h e  discharge center l ine.  
small difference i n  temperature associated with both cases may be due t o  t h e  
compensating e f f ec t s  of simultaneous increase i n  power and pressure. 

The op t i ca l  

Figure 5 shows t h e  r a d i a l  var ia t ion  of temperature f o r  two test conditions. 

The dashed l i n e  i n  Fig. 5 corres- 

The 

A chemical analysis  and measurements of t h e  op t i ca l  t ransmissivi ty  proper$ies 
of t h e  nigrosine dye vere cmpleted.  Samples taken before, during, and af'ter 
exposure t o  t h e  intense rad ia t ion  and r-f f i e l d  indicated no change i n  t h e  
absorpt ivi ty  properties of t h e  nigrosine. (i. e., no decapos i t i on  o r  bleaching 
of t h e  dye occurred.) 
t h e  e f f ec t  of t h e  r-f f i e l d  on possible  dye heating due t o  r-f coupling. These 
t e s t s  proved negative. Separate t e s t s  were a l so  cempleted on t h e  water used i x  
t h e  closed-loop cooling systems t o  v e r i f y  minimum sodium content. 
calibra%ion t e s t s  were a l so  cmpleted t o  ve r i fy  t h a t  no coating of dye occurred 
on t h e  fused s i l i c a  tubes due t o  decomposition of t h e  dye or  e lectro2horet ic  
ef f ec t s  . 

I n  addition, separate  tests were condccted t o  ascer ta in  

Separate 

200- and 500-Atm !Est Fac i l i t y  

The overa l l  design and major component layout assembly of  t he  200-atm 
closed-loop r-f plasma t e s t  f a c i l i t y  has been completed. an 
overa l l  layout of the e n t i r e  system including the  master cont ro l  consoie, an 
assembly drawing of the  g lass  filament-wound test chamber, and an ass6:mbly 

This includes: 



&awing of the  subniersible pump and motL.= within t h e i r  pressure vessel. 
on s2ecif icat ion infonwtion and a de ta i l ed  assembly d r a w i n g  forwarded t o  the  
United Technology Corporation (Division of UAC) filament-wcund motor case divisioc,  
a posit ive concurrence was received as t o  t h e  f e a s i b i l i t y  and p r a c t i c a b i l i t y  of 
fabr ica t ing  a g l a s s  filament-wound high-pressure tes t  chamber on a s t a i n l e s s  
s tee l  mandrel as c a l l e d  out by our specifications.  The system and test chamber 
were designed t o  be compatible with the  ex i s t ing  end walls and the  advanced 
transparent-wall models. 
the  available source for possible procurement has a l so  been f ina l ized .  
included is a s t r e s s  and factor-of-safety analysis of a l l  the  high-pressure 
system components. 

Eased 

A complete s i z i n g  of  a l l  major components together with 
Also 

The overa l l  layout of a similar system capable of s t  eady-stat I? operat ion 
up t o  and including 500 atm has a l s o  been canpleted. 

Transparent -Wall Model Research 
(P. G. Vogt) 

Transparent-Wall Model Tests i n  1.2-Megw R-F Heater 

During t h e  repor t  period, tests using a 0.010-in. -wall-thickness ax ia l -  
coolant-tube model were conducted i n  t h e  1.2-megw r-f induction heater, The 
model consisted of 39 - 0.060-in.-OD x O.&O-in.-ID ruSed s i l i c a  coolant ixbes 
and 3 - 0,1875-in.dD x 0.1275-in.-ID copper in j ec to r  tubes located around a 
1.2-in. diameter. The coolant tubes were potted i n t o  aluminum mznifolds using 
s i l i cone  rubber. 
has 14 - 0.020-in.-dia holes a t  an l l -deg  in j ec t ion  angle f o r  vortex injection. 

The in j ec to r  tubes passed through these manifolds, and each 

"he model is  shorn i n  Fig. 6a installed i n  t h e  1.2-megw r-f heater  test 

The power deposited i n  t h e  discharge during these tesCus 
section. A photograph of t h e  plasma discharge during a t y p i c a l  tes t  condition 
is shown i n  Fig. 6b. 
was approximately 20 kw. A summary of flow conditions and heat balance data is 
presented i n  Table 11. O f  t he  20 kw approximately 24 percent was deposited i n  
the  annular coolant flow; approximately 35 percent was Seposited I n  t h e  water 
coolant f o r  the  0.060-in.-OD model tubes, and a p p r o x i w k l y  28 percent was radi-  
ated out of the  test chamber. The remainder was deposited i n  the  end-wall and 
thru-flow coolant f l u i d s ,  
passage, Qw, is  inaccurate due t o  the  small (less than 3-deg) rise i n  coolant 
temperature which occurred during t h i s  tes t .  The t e s t  s e r i e s  was terminated 
af'ter approximately 1 h r  of continuous running when a t e f l o n  in j ec to r  ou t l e t  
l ine  blew o f f  of one in j ec to r  tube. A polyethylene sleeve on the  connecting 
fitting sof'tened and the  t e f lon  l i n e  blew out of t he  end-wall flange. 
transparent-wall model was not severely damsged during the  shutdown and w i l l  be 
used f o r  fu r the r  tests. 

The amount of power indicated i n  t he  annular cooling 

The 
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I n  preparation f o r  t h e  next t e s t  series, a f i l t e r  has been in s t a l l ed  i n  t h e  
coolant water system t o  provide clean water ( d i r t  pa r t i c l e s  which could lead t o  
a plugged tube and cause burnout were noted i n  the  coolavlt tubes following t h e  
t e s t ) ,  
irlzasured amount of flow w i l l  be renkved through ports d r i l l e d  i n t o  t h e  en3 wall  
flanges. 
d l o w  a grea te r  temperature rise t o  provide increased accuracy for calcrmetric 
measurements. 

If bypass argon flow is found desirable  i n  t k ?  next t e s t  series, a 

Also, t h e  flow of coolant i n  t h e  annular passage vi11 he reduczd t o  

Transparent- W s l l  Modtl Development 

A O.OG5-in. -wall-thickntss a x i a l  COC' z t  tube model is  current ly  being 
readied f o r  tes t ing .  
with t h e  propellant heater iil t h e  1.2-megw r-f heater during t h e  next r epc r t  
p e r i d .  

It1 addition, models &re being fabricated fo r  t e s t i n g  

Components f o r  a O.O2O-in.-wall-thickness circumferential  model. kave been 
received and t h e  firsJ* internally-cooled circumferential  coolant tube model i s  
being assembled. 

Simulated Propellant Heating 
(J. F. Klein) 

Fabyication of '&ne prqe l lan t  heating duct configuration and end walls f o r  
t h e  1.2lmegw r-f iriduction heater was completed during t h i s  report  period 
(see Fig. 10 of Cparterly Progress Report No. 22). 
beLng prepared f o r  i n s t a l l a t i o n  i n  the 1.2 megw r-f heater. 

This configuration now i s  

A propellant heating duct f o r  use with t h e  d-c a r c  was a l so  fabricated 

The propellant heating 
during t h i s  report  period, A Sk>tch of t h i s  configuration is shawti i n  Fig. 7. 
The a rc  is contained within a w3ter-cooled quartz tube, 
duct i s  formed by two concentric fused s i l i c a  tubes surrounding t b e  water cooling 
passage f o r  t h e  arc. Results of i n i t i a l  tests t o  determine t h e  radiat ion charac- 
t e r i s t i c s  of t h e  d-c S C Y J ~ C ~  for propellarit heating tes ts  a r e  presented i n  Fig. 8. 
The power radiazzd from t h e  t e s t  section was measured d i rec t ly ,  while t h e  a rc  
power within thr: t e s t  sect ion was determined by assuming,uniform a r c  power per 
un i t  length. The t o t a l  a r c  power was approximately 3.8 thes  t h a t  within t h e  
tes t  s ec t  ion. 

The major objective i n  t h e  tests t o  be conducted i n  both t h e  d-c and L 2  megw 
f a c i l i t y  is t c  measure t h e  tempercture r ise  i n  t h e  propellant stream. 
objectives a r e  ts measure t h e  attenuation of arc radiation, t o  measure t h e  various 
gas flow rates,  and t o  observe t h e  cond i t jm  of t h e  transparent walls before, 
during, and a f te r  t h e  introduction of t h e  carbon seeds, Tests conducted i n  t h e  
d-c arc f a c i l i t y  a t  low power have indicated a moderate temperature r ise i n  t h e  
propellant stream, and a corresponding attenuation of t h e  radiat ion transmitted 

Secondary 
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t irobgh the  t e s t  section. 
A sketch of the  time h is tory  of t he  propel lant  exhaust temperature and the  
transmitted radiat ion fo r  a t yp ica l  low-pow?:: t e s t  i n  shown i n  &ig. 9. 
a t  higher rad ia t ion  fluxes using the  1.2-mekw r-f heater w i l l  be i n i t i a t e d  soon. 
Inspection of t he  f’used s i l i c a  tubes emplayed i n  the  d-c propellant heating 
tes.Ls shotJed khat ‘ths aluminun? coating, wkLch i s  located on the  ins ide  of t he  
fused s i l i c a  tube separating the  water cooling and propellant passages, b l i s t e r ed  
and peeleh off Jver a.pproximately 53 percent of the  surface.  
this time i f  t h i s  i s  due t o  inadequate cooling o r  t o  poor coating qu&.ity. 

Some coating of t h e  qxartz w a l l s  was a l so  observed. 

Tests 

It i s  not clear ct 

Supporting Investigations of Vortex Fluid Mechanics 
(A. E. Mensing, J. F. Jandnet and J. F. Klein) 

R-F Heated Gas ’Lortex Tests 

During this  report  period, t n e  p k y  emFhssis of gas tests i n  the 80-kw 
r-f induction heater  has been two-compcaent heated gas t e s t s .  I n  these t e s t s ,  
axeon i s  employed as t h e  simulated buffer  gas and xenon as  the simulated f’uel. 
Most of the  tests conductec?. i n  this quarter have been with the end-wall-driven 
vortex tube (see Figs. 13 and 14 of WarCerly Progress Report No. 22). 
configuratioil cans is t s  of  a 1.25-in. - I D  fused s i l i c a  tube as the p e r i p h e r d  v a l l  
of the  vortex. The end w d l s  are spaced 2.9 in. apart ,  and each er-d wall has 
four 0.04k-in.-ID wgon in j ec to r  tubes located at a radius  of‘ 0.50 in .  The flow 
conditions l icked i n  Tsble I11 of Qparterly Progress Report No. 22 resu l ted  i n  
a plasma, e l l i p so ida l  i n  ckape, having a maximum diameter of 0.80 i n .  midway 
between the  end w a l l s  and ta3erinq t o  a minimum diameter of G . 3  in. next t o  each 
end wall..  

This 

It was noted i n  t h e  previous progress report  that, Fihen xenon was tnjected 
h t o  the argon plasma, pulsations of t h e  plasma occvrred whenever the  xenon ilow 
rates exceeded certcLn values. 
t he  r-f coupling network t o  reduce the re f lec ted  impedance of t h e  -i>lasrna. 
decreased the  eff ic iency (defined as r-f power divided by d-c p l a t e  pc 
70 percent t o  asproximtely 50 percent and, of course, required greatc. 
power t o  maintain a given power t o  t h e  plasma. 
5 percent of t he  argon flow r a t e  have been obtained w i t h  no pulsat ion or 
unsteadiness of the  plasma occurring. 

These pulsations have been eliminated by det-ming 
This 

’. froill 
c. p la t e  

However, xenon flow r2-~., ~ . p  t o  

Gas discharge tests using tungsten p a r t i d e  seeds were conducted i n  both the  
80-kw and 1,.2-megw r-I’ induction heaters.  
seed inject ion por t s  were used i n  both test  se r i e s .  While some v i s ib l e  and spec- 
t r a l  evidence of t he  presence of tungsten i n  t h e  dischaxge was obtained, m l y  a 
s l i g h t  increase i n  dischacrge rad ia t ion  was measured. Based ‘on ,these t e s t s  it was 
concluded t h a t  t h e  seed mater ia l  injected from the  end w a l l  was not entering the  
discharge. No f’urther tests with p a r t i c l e  seeds are planned until the  r e su l t s  of  
t e s t s  using gaseous seeds t o  iLnd the best place fo r  seed jn jec t ion  a re  completed. 

Vortex configurations having 2nd-wall 
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W s t s  were conducted i n  which xenon - i s  injected i n t o  %he argon plasma 
t n x u g h  each of feu? d i f fe ren t  locations.  The presence of xenon was detcmined 
both by 8 c!ian.ge i n  the  r-f resonator voltage and by the strmgLh of the ~e14671 
spec t r a l  l i ne .  (1) premixed with the 
argon p r io r  t o  in jec t ion  in to  the v d e x ,  ( 2 )  through a port i n  one end w a l l ,  
normal t o  the end wc-11, and a t  a radius of 6.38 in., ( 3 )  through a port noma1 
t o  t h e  r??rlpheral wall, midway between the  end walls, and pro t rudiw apprcxi- 
ndteljr 1/8 in .  through the  :all, and ( 4 )  t;hrou& a water-coolea probe, 0.18-in.- 
OD, located on t : ?  vortex center l ine and protruding i n t o  t h e  plasma. 

The f o u r  xenon in jec t ion  methods vere: 

Premixing .-..ion with argon p r i o r  t o  inJection i n t o  t h e  vortex was used as 

To de tec t  t h e  xenon emission l ines ,  (primarily t h e  XeI4671. 
E; reference s ince  it is assumed t h a t  t h e  xeuon and argon a r e  completely mixed 
ivithin the plasma. 
and XeII4844) t h e  xenor, p a r t i a l  pressure within t h e  plasma must be grea te r  than 
qproximately 0.005 atm. For conditions of t hese  experiments t h i s  means t h e  
xenon mass flow rate  m u s t  be at l e a s t  2 percent of t h e  argon mass flow ra t e ,  
FGi' a standard conditioii, 
t h e  argon iqas chosen, The addition OT xenon a t  t h i s  r a t e  r e s u l t s  i n  a resonator 
vqltage decrease of approxbately 25 percent ant! a corresponding de2rreas e i n  
pow?r t o  t h e  plasma. 
t h e  same as  t h e  ArI4300 line. 

a xenon mass flow ra te  of approximately 4 percent of 

The in t ens i ty  of t h e  xe14671 l i n e  is then approximately 

When xenon was in jec ted  through a por t  i n  one end wall, port diameters o f  

(It was necessary -0 add sme argon t o  t h e  xenon t o  
0.040 and 0.020 in. 
freg 20 t o  40C ft /sec.  
obtain t h e  increased ve loc i t i e s , )  Usi-g t h i s  metkmd, xenon was not detected 
e i the r  op t ica l ly  (i.e., by emission) o r  e l e c t r i c a l l y  (i..e., by chhnge i n  
resonator voltage) u n t i l  t h e  in j ec t ion  velocity xas p e a t  enough t o  severely 
a l t e r  t ha  plasma shape. 
appeared within t h e  plasma was much less than f o r  t h e  prmixed case, thus suggesting 
time constafit r a t i o s  much less than 1.0. 
heavy gas appears very undesirable. 

were used and t h e  xenw in j ec t i cn  velocitLes were varied 

Even under these  cmdi t ions  t h e  anount of xenm t h a t  

Thus, t h i s  method of i n j ec t ing  a 

A 0.040-in0-ID fused s i lTca tube, located normal t o  t h e  peripheral  wall, 
das a l s o  used t o  i n j e c t  xenon, 
t h e  veloci ty  out t he  tube, 
approximately t h e  same as f o r  +,he prmixed case 
both electricalJ-y and by l i n e  emission. 
t o  three times stronger than t h e  premixed case, and t h e  resonator voltage was 
5 t o  10 percent lower than t!ie prmixed case, 
t o  decrease. 
tended t o  cut t h e  plasma i n t o  two dist inct ,  halves v i t h  a d d c  region a t  the plane 
of injection. Thus, providing t h e  in j ec t ion  ve:!-'.ocity i s  not t o o  great, t h i s  
method of in jec t ion  appears qu i t e  promising and is t o  be investigated furtiier. 

Sane argon was mixed with t h e  xenon t o  increase 
With t h i s  configuration and with a xenon flow r a t e  

xenon wc.3 detected i n  t h e  plasm: 
I n  fact ,  t h e  xenon l i n e  s t rength was two 

Power t o  t h e  plasma also zpp. rea 
Increasing t h e  xenon in jec t ion  veloci ty  t o  grea te r  than a.bout 100 f t l s e c  

a 



A water-cooled prob:: 2 constructed tha t  was inserted ill one thru-flow 
port  in to  the  pl&.xna. 
probe vas snaE ?nough so tha t  it did r o t  appreciably restr ick the exhausting 
flov, nor did it have any zffect  on the  plasma coxpling. Ini%ially,  wi th  t he  
probe t i p  flush with the  end mil, the injected xenm appezred fuz 1,iake a 1%- 
deqree turn and would not enter the  plasma core. 
u n t f i  the  t i p  wzs zbout 5/8 in. *an t he  end wal l .  
position, xenon vas detected opt ical ly  i n  t h e  Slasma. 
vir tual ly  no change i n  resonator voltege no7 i n  power t o  the plasma. 
the plasm pwer  and, heme, tanperatme rmained high, f t  is  d i f f i cu l t  a t  t h i s  
stage t o  relate xenon l i n e  strength t o  xenon concentration. 
scells of the %e14671 l i n e  at different a x i d  locations shoved t h e  xenon was 
present throughout t h e  plasma. 
extended ra2ial lg  t o  about 80 percent of t h e  plasma edge, 20 times larger thar, 
the xenon injection 3ort  d laeter .  
Chordal scens firrther dow?strean of t he  probe t i p  showed the  xenon emission 
increased f'rcm t h e  t i 9  t o  a point appraximtely midway between the t i p  and t h e  
f a r  en -ml l ,  then decreased BS Cne ead wail ;.xis zppmached. 
could be ca*sed by a temperature deci-ease i n  t h e  a rgm plasma as the  ei?e v a l l  i s  
npproached. This method of injecting in to  a plasms is also t o  be investigated 
further. It is importaat t o  zote tha t  t h i s  m?thod had a negligible effect  on 
the  r-f coupling. This phenornenon cou?led with t h e  tjbservations of decreased 
coupling i n  both the  premixed case and t h e  peripheral-well case suggests that, 
i n  t h e  l a t t e r  cpses, some of t he  xenon is ioniziag outside *he plasma, but i s  
a t  too l a d  a tenperature t o  be detected opticaX&, 

X e m ~  wis injected up the  center of t h i s  probe. The 

The probe vas pushed i n  

Efowever, there  was 
yith tile p ~ o b e  i n  t3is 

Since 

Several chordal 

Even 1/8-in. downstrew of t he  zip, t he  xenon 

Thus, t h e  je t  appezrs t o  expznd very rapi.dly. 

Tnis latter effect  

Tests are presently being conducted i n  which quantitative da.ta re la t ive 
tt t he  s ~ t l a l  distribution of t he  xenon density within the  plasma are he i r i  
determined. 
inject lsn methrds. 
prmising encugh t o  w a r r a n t  f'urf5ner investigafUion at t h e  present t h e .  

These tests w i l l  include o r a  t'aree of the  four  aforementioned 
Xenon injection through a port  i n  t he  end wall i s  not 

Additional t e s t s  were conducted with t h e  peripheral-wail simulated buffer 
injection configuraticn d.izcusset5 ir, Q12x-cerly Progress Report YTO. 22 and shown 
i n  Fig. 12 of tha t  report. This method of at+,aching copper injectors t o  3. 
fused s i l i c a  tube was somewha% more successLW than the  original method discussed 
i n  W t e r l y  Progress Repart Nos. 21 and 22. Eowever, t he  close proximity 02 the  
injec-Lor t o  the  r-f work c o i l  led t o  szvere arcing and eventual fa i lure  of the  
fused s i l i c a  tube. A new tube has been fsbricated and will be tested w i t h  a 
larger diameter r-f work coil .  Tests w i t l  t h i s  configuration and with xenon 
as the  simulate? fuel  3re t o  be Qonductd i n  t h e  near futitre. 

ix inv.estigation was begun durinsr thi: report period t o  determite i f  r a d t o -  
active techniques could ke s e d  ' . . .c::.%,g the  density of a simulated fuel. 
The study showed that  the  o x  ' . -  sct ive "tag" gas (such a2 Xe133) was 
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prohlbit ively expensive, but that Compton sca t t e r ing  of g m a  rays from a 
1 Nev source may 5e a useful  techniqJe. A small experiment has been set up 
using the corporate-owned 0.662 Mev Cs137 source and s c i n t i l l a t i o n  counter. 
Several predetermined mixtures af xenon and argox have been made up and 
tests are presently i n  progress t o  uetermine i f  the  sca t t e r ing  technique w i l l  
have eit .her t h e  s e n s i t i v i t y  o r  =solution necessary f o r  twa-caaponent heated 
gas vortex tests. 

Tr:.o-CGmPonenk Isothermal Gas Vortex Tests 

During t h i s  report  period, addi t ional  improvements i n  the  high Reynolds 
(This facil i ty is described i n  number test  f a c i l i t y  have been accomplished. 

Appendix I V  of Ref .  2.) 
55 percent of  the inlet  flow t o  be bypassed through the  vortex tube. 
l i g h t  absorption system scanner was relocated i n  a plane normal t o  t h e  avia of 
the vortex tube, eliminzting t h e  need -r"or one set o f  mirrors, thus reducing 
alignment d i f f i c u l t i e s .  
ca l ib ra t ed  and quant i ta t ive  data  are now being obtained. 
data are not avzilable f o r  t h i s  report, sane qua l i t a t ive  observations can be 
mentioned. 

A Iiiodlfication vas made which al.10:~ a m a x i n u n i  of 
The axial 

FinaXly, the data recording system has been completely 
Although t h e  latest 

Two buffer  gas in j ec t ion  configurations were qua l i t a t ive ly  inveskigated: 
(1) peripheral-rd-1 in jec t ion  from 55 in jec t ion  ports, arranged i n  2 rows 180 
deg apart, and ( 2 )  end-mEl t angen t i a l  i n j ec t ion  fram k por ts  at each end w a l l ,  
located at r/ro = 0.8. 
t i o n s  w e r e  approximately equal. 
mined from the areas employed i n  the 80-kw fac i l i t y  through use of the parameters 
*W1 and r/ro. 

f'uel in jec t ion  ports a l s o  w e r e  lccated by t h i s  method, the area of' the  m e 1  
in j ec t ion  ports was sized t o  provide reasonable f'uel in jec t ion  ve loc i t i e s  and. 
fuel-to-buffer-gas weight flow ra t io s .  

The t o t a l  buffer  gas in j ec t ion  areas fcr both configura- 
The in j ec t ion  a reas  and locations were deter- 

Values of the parameters were approximately equal f o r  both 
the 80-kw and high Reynolds number configurations. Although the  simulated 

Results of tests w i t h  peripheral-wall irijection were similar t o  those 
reported pre-;iously. 
with increasing tangential  inject ion Reynolds number and increased with a x i a l  
bypass. 
containing simulated f'uel was formed. 

The Yadial location of t h e  stagnation streamline decreased 

With a su f f i c i en t ly  high percentage of bypass f low,  an annular r ing  

\Wth 2nd-walI. VO?%PX injection, a very unsatisfaceory vortex was formed. 
Simulated f u e l  .has concentrated along the axis of t he  vortex tube and v i r t u a l l y  
nonexistent everywhere else. 
fuel somewhat, but no well-defined stagnation streamline o r  annular r ing  was 
generated. 
r-f heated gas vortex tests described i n  preceding subsections. 
apparent differences i n  r e s u l t s  obtained from heated and unheated tests are 
current ly  being in.res t iga t  ed. 

Axial bypass increased the  core vclume of simulated 

I n  cont ras t ,  t h i s  configuration resul ted i n  a skable plasma i n  the 
Reasons f o r  t h e  

LO 



COAXIAL-FLOW TESTS 
(B. V. Johnson) 

During t h i s  repor t  period, the studies were directed toward determining t h e  
e f f e c t  of i n l e t  configuration on the appnrent inner- j e t  gas contaiment  volume. 
Tests wi th  the foam i n l e t s  and rI = 3.0 and 3.5 i n .  indicated the inner-jet  gas was 
d i lu ted  o r  contracted upstream of the  i n l e t  plane f o r  high weight-flov-rate r a t io s .  
The apparent containment was approximately the  same as obtained and reported pre-. 
viously f o r  the  foam i n l e t  with r1 = 2.5 i n .  However, a modification of t he  i n l e t  
t o  yrevent d i lu t ion  o r  contraction of the inner - je t  gas upstream of the  i n l e t  plane 
resul ted i n  an  increase of t he  apparent inner  gas containment volume by nore than a 
f ac to r  of two compared t o  previous r e s u l t s .  

Sketches of t he  i n l e t  configurations emplcyed i n  the previous and the  present 

The veloci ty  p r o f i l e s  measured 4 in.  downst.ream from the in- 
coaxial-flow tests are shown i n  Fig. 10. The screen inlet, Fig. loa, was t h a t  
described i n  Ref. 3. 
l e t  plane had "step" changes i n  the  indicated veloci ty  p r o f i l e  Setween the  inner- 
jet  and buf fer -s t rem regions anrl between the  buffer-stream an? outer-stream regions. 
Flow visual izat ion studies employing th i s  inlet indicated t h a t  large eddies were 
formed dcwnstream of the  inlet  plane causing large-scale m i x i n g  ( R e f .  3). 
foam inlet (Fig. lob) was used t o  saooth the veloci ty  d i s c o n t i m i t y  at  t h e  ir?let 
by allowing the flow from the  inlet manifolds t o  flow through a porous medis (+-in.- 
t h i ck  foam) before entering the chamber at the illlet plane. 
visual izat ion tests and veloci ty  p r o f i l e  measurements, reported i n  Quarterly 
Progress Reports Nos. 21 and 22, indicate that smooth inlet veloci ty  p ro f i l e s  were 
obtained arid e l h i n a t i o n  of t he  large-scale m i x i n g  o f  the inner-jet  gas was accom- 
W s h e d  with the foam i n l e t .  However, t h e  zpparent c o n t a h i e n t  of inner-jet  gas 
i n  the  chamber m.s not appreciably changed (Quarterly Frogress Report XG. 22). I n  
order t o  W r o v e  the containment characteristics, t h e  fm i n l e t  was modir'ied t o  
prelrent r a d i a l  flow of the outer-stream gas taward the center ir, t he  foam at radii 
l e s s  than rI. The inner-jet i n l e t  duct was extended t o  the  i n l e t  plane and was 
covered w i t h  a perforated p l a t e  t o  prevent counter-flow a t  the i n l e t  plaae (Fig. 
1Oc). RPsults from f l o x  visual izat ion tests with tho foam and perforated p l a t e  
i n l c t  f o r  rI = 3.0 i:i. ilidicatzd t h a t  improvement i n  the  apparent contai-ment was 
obtained. However, t he  high-spee4 motion pictures indicated t h a t  small-scale 
eddies  formed E t  the  edge of the  inner-.jet gas regions. A comparison of the ap- 
parent containment. f o r  t e s t s  with Freon-11 a s  the inner- je t  gas and these three in- 
l e t  configurat ims i s  shown i n  Fig. 11. The r e s u l t s  for  the screen i n l e t  and foam 
irilet with rI = 2.5 i n .  are those reported i n  Quarterly Progress Report No. 22. 
TTle apparent containment was obtbined from the a x i a l  va r i a t ion  of the  outermost 
radius of the high concentration inner - je t  gas (colored with iodine vapor). 
khe form i n l c t  with rI = 3.0 in., the a2pnront containment was approximately the  

The 

Results from flow 

For 
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same as  f o r  the foam in;:+ with rI = 2.5 in.  and the screen i n l e t  with rI = 2.5 in .  
For the foam and perforated plate  i n l e t  and rI = 3.0 in., the apparent containment 
f o r  W B ~ , O / W I > ~ O  was approximately twice 2s much as  obtained with the screen i n l e t  
or  foam in le t .  The flaggzd s-mbols for  t h i s  case indicate tha t  recirculation vas 
beginning t o  occur n e u  the nozzle. Based on 2revious studies (Sef. 3) ,  the d r -  
crease i n  containment due t o  the observed recirculation is  expected t o  be less  than 
20 percent of the indicated value. 
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RADIANT F3AT TRANSFER CALCULATICHS OF 
SPECTRUM FROX FUEL 

(N. L. Krascella) 

Calculations were in i t ia ted  t o  ascertain the spectral  radian% flux emitted from 
the f i e 1  region of a nuclear l i gh t  bulb rocket engine. 
based on an i t e r a t ive  procedure u t i l i z ing  the UARL simplified grsy-gas and spectrzl  
Li.ansport computer codes. 
determine radiative transfer i n  the propellant region of a gaseous nucleer rocket 
Zngine (Refs. 4 and 5). 

These cdculat ions were 

The procedure i s  analogous t o  tha t  use6 previously t o  

!Two cases were considered for  the ia i t ia l  calculationr;. These cases d i f fe r  i n  
3he ionization poteKtials assigned t o  the vu ious  nuclear f i e 1  ionization species, 
as summarized i n  Table 111. 
ing temperature was asswnzi t o  be appr@x5m.?xlx L5,!lOO R. 
radiative flux correspon5ing t o  t h i s  temperature i s  24,390 Btu/ft2-sec. 
radiative flux wfrs assuned constant i n  the fiel-containment region (see following 
paragraph). 
integrating the spectral  f l ux  f'romthe spectral  coqu te r  code, was equal t o  
24,3CC 13-tu/fi2-sec, k 10 percent. 
t ion i l lus t ra ted  i n  Fig. 12 was used. 
12,650 R w a s  assmed for  both cases. 

In both cases stuclied, t'ne effective Slack-body radiat-  
The effective t o t a l  

This t o t a l  

The i te ra t ive  procedure was continued u n t i l  the totual flux, obtained by 

In both cases the h e 1  pa r t i a l  pressure distribu- 
S M a r l y ,  an edge-of-fuel temperature of 

Nine i terat ions have been completed f o r  both cases t o  date. Typical temperature 
distributions (calculated by means of the simplified grey-gas cmputer code) for  
both cases a x  shown i n  Fig. 13 for  the 8th and  9th i terat ions as a f'unction of dis- 
tance fromthe edge of the Pael. 
p a r t i a l  pressure distribution of Fig. 12 wcre used in the spectral  computer code t o  
calculate spectral  absorption coefficients, the spectral  energy flux and, f inally,  
the t o t a l  energy- flux. 

These temperature distributions and the fueL 

Typical spectral  absorption coefficient data for  temperatures of 12,650, 14,650, 
and 19,650 R are shown i n  Fig. 14 as a function of wave number for both cases. 
data at a temperatwe of 12,650 R represent the  spectral  absorption coefficient at 
the assumed edge-of-fuel temperattire (12,650 R )  . 
should theoretically be equal t o  (E!)-'+ times the black-body radiating temperature i f  
there i s  no return flux t o  the f'uel.) 
spectral  flux computed with the spectral  computer code i s  shown i n  Fig. 15 as a 
ftmction of distance f1;m the edge of the f'uel. 
l a s t  two i terat ions (8th and 9%) for  cases 1 and 2. The resul ts  show that  conver- 
gence was effectively accompiished except for the last, few points near the edge of 
the fkel. The i te ra t ive  procedure w i l l  be continued u n t i l  the end points converge. 

The 

(The edge-of-fuel temperature - 

The total flux obtained by integrating the 

Results zTe i l lus t ra ted  for  the 
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The spectral  flux calculated a t  the edge-of-fuel temperatu1.e (12,650 R )  i s  
shown i n  Fig. 16 for  the last i te ra t ion  (9th) for  both cases as a f’unction of wave 
number. 
the effective radiating temperature) i s  also shown for  comparison. 
noted that  the spectral  f l u x  a t  the edge-of-fie1 temperature i s  s l igh t ly  l e s s  than 
the black-body Inlux for cases 1 and 2 up t o  a wave number of approximately 30,000 cni-’. 
A t  wave nmbt-s greater than about 30,003 cm-I the emitted spectral  flux i s  greater 
than tha t  of a black bo@ at a temperaticre of l5:OOO R. 
ever, that. the total. f lux for  cases 1 and 2 i n  the 9th i te ra t ion  and a t  the edge-of- 
f i e 1  temperature a re  about 10 percent greater than tha t  of a black body at the 
effective radiating temperature of 15,000 R (see Fig. lj) . 

The black-body spectral  flux at  a temperature of 15,000 R (approximately 
It should be 

It should be noted, how- 

The reason for  specifying a constant t o t a l  flux in Fig. 15 can now be under- 
stood by examining the resul ts  shom h Figs. 12, 13, 14 and 16. 
absorption coefficients are  suff ic ient ly  high that the spectral  flux i s  governed by 
the temperatures existiiig in approximately the outer 1-cmlayer of fuel. The r a t i o  
of the fuel stored i n  tinis 1-cmlayer t o  the t o t a l  fuel stored i s  approximately 0.02. 
Since the neutron fl-u i s  approximately constant throughout the fuel region, the 
flux at y = 1 cm should be approximately 2 percent l e s s  than that  at y = 0. Howcvcr, 
even with 9 i terat ions (see Fig. l5), it has not been possible t o  specify a tempera- 
ture  distribution that  w i l l  keep f lux constant within 2 percent; therefore, specify- 
ing a constant f h x  i n  this  region, rather than one which change; by 2 percent, i s  
a permissible agproximation. 

The spectral  

The spectral  ezergy flux calculatio>s were made i n  the wave number range 
between lo3 and lo6 mae1. 
energy between these wave number limits. 
between the lower wave number l i m i t  (103 c r l )  and any wave number w, as well as the 
fractional distribution between the upper wave number limit (10 6 cm-l) and any wave 
number w, are shown i n  Fig. 17. 
ture of ~2,650 R for  cases 1 and 2. 
For comparison, similar resul ts  axe i l lus t ra ted  for  a black body a t  a tenigeratwe of 
15,000 R. 
energy radiated i s  a t  wave nimbers less  than approximately 30,000 cm-l. For a black 
body a t  the effective radiating temperature, 50 percent of the energy radiated is 
below a wave number of approximately 20,000 cm-l. 

It is of i n t e re s i  t o  know the fractional distribution of 
The fractional distribution of energy 

Results are  i l lus t ra ted  at  the edge-of-fuel tempera- 
Tnese resul ts  are for  the l a s t  or  9th i terat ion.  

The resul ts  show that i n  both cases approximately 50 percent o f t h e  

O f  particular interest  is the energy radiated a t  a mve number greater than 
60,000 cm-l (wavelength l e s s  than 0.17 microns), where f’used s i l i c a  becomes highly 
opaque. 
cent of the t o t a l  energy, whereas only 1.6 percent of the black-body spectrum i s  
above t h i s  w8,ve number. If t h i s  energy were absorbed, it would be a severe heat 
load on the t r ansp ren t  w a l l .  However, as noted i n  preceding reports, it should be 
possible t o  seed the flow so as t o  increase the opacity at high’vave numbers. 
example, the addition of neon w i l l  effecti.vely eliminate all radiant energy emitted 

According t o  Fig. 17, the energy above 60,000 cm-l i s  between 18 and 26 per- 

For 



above a wave number of l70,OOO cm-l ( the  ionizat ion po ten t i a l  of neon) , and t h e  
addi t ion of a r e l a t ive ly  smal l  amount of argon t o  t h e  e n t i r e  flow would ef fec t ive ly  
eliminate all radiant  energy emitted above a wave number of 127,000 cm-l ( the 
ionizat ion po ten t i a l  of argon). 
analysis discussed i n  t h i s  progress report .  

Neither of these e f f ec t s  has been considered i n  tl.ie 

During t h e  next quarter,  addi t ional  cases using the ioni-at ion po ten t i a l  data 
of case 2 (see Table 111) w i l l  be considered i n  which walls of 'i-aiying r e f l e c t i v i t y  
w i l l  be incorporated in t h e  ca lcu la t iona l  procedure. 



ME%SUREMENT OF OPTICAL TRANSMISSIOE DURING REACTOR IRRADIATION 
(R. M. Gagosz and G. E. Palnia) 

Ef for t s  during the  current report  perigd were concentrated i n  the following 
mador areas : 

a )  Electron i r r e d i a t i o n  experiments coiiducted a t  t he  NASA Space Radiation 
Effects Laboratory a t  Newport News,  Virginia, from Apri l  22 t o  ?day 2. 
The spec t r a l  transmission cha rac t e r i s t i c s  of Corning 7940 fused s i l i c a  
were measured during i r r ad ia t ton  by 1.5 MeV electrons from a Dynamitron 
liiLeay accelerator.  Fost i r r ad ia t ion  spec t r a l  scans and o p t i c a l  bleach- 
ing experiments were a l s o  performed using these electron-irradiated 
specimens. 

b )  Scheduling of the  proposed steady-state neutron i r r a d i a t i o n  experi- 
ments. 
a t  the Nuclear Engineering Center of Wright Patterson AFB. 

Preliminary discussions have been held with reactor  personnel 

Electron I r r ad ia t ion  Ekperiments 

Further e lectron i r r ad ia t ion  experiments were performed a t  the Virginia As- 
sociated Research Center, Newport News, Virginia, during the  current report  period. 
The o p t i c a l  transmission of Corning Grade 7940 fused s i l i ca  was measured during 
i r r ad ia t ion  by 1.5 MeV electrons from a Dynmitron l i n e a r  e lectron accelerator.  
The experimental arrangement was similar t o  t h a t  used i n  the  predious electron 
i r r ad ia t ion  experiments described i n  d e t a i l  i n  th. pev ious  prvgress report .  
Several problems were encountered i n  the previous electron i r r a d i a t i o n  experiments 
t h a t  necessitated ce r t a in  modifications t o  the  electron accelerator  and the specimen 
furnace. 
ionizing f lux  of 150 microamps/cm* due t o  f luc tua t ions  i n  the oktput of the electron 
accelerator.  
d id  not permit rapid temperetiire control  over a s u f f i c i e n t  range independent of 
the electron heating. 
f l u x  and low temperature which was d i f f i c u l t  t o  i n t e rp re t  and of limited use i n  the 
siniulation of 3. nuclear l i g h t  bulb rocket engine. 
modifications have been made t o  the electron accelerator, cossis t ing of a new power 
supply and redesigned output window, which resulted i n  steady-state e lectron beam 
outputs a t  current dens i t ies  as high as 150 microamps/crn2 f o r  periods of time as 
long  as 1000 sec. 
the specimer. 

The previous experiments d i d  not yield equilibrium da ta  a t  the nominal 

I n  addition, the specimen furnace used i n  the  previous experiments 

These l imi ta t ions  resulted i n  nonequilibrium data a t  low 

Since the last  tes t  period, 

A new specimen furnace was designed which could be usefi t o  vary 
zmperature during steady-state electron i r r ad ia t ion  i n  order t o  obtain 
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infolitlation on the va r i a t ion  of induced absorption coeff ic ient  with specimen 
temperature a t  constant electron f l ~ .  
t o  obtain measurements of the  radiation-induced absorption coeff ic ient  a t  A =  2l5OA 
f o r  a wide range of e lectron f lux  (20-1 $0 microa,mps/cm2) and specimen teinperatures 
(170-930 C ) .  

With these modifications it was possible 

A t o t a l  of 16 electron accelerator  runs were raade during the  period from 
April  22 t o  May 2, of which f ive  were used f o r  ca l ib ra t iog  purposes. A s ingle  
o p t i c a l  transmission run was made a t  a wavelength of kFiOOA, an  electron current 
density of 80 microamp/cm , and a specimen temperature of 560 C. 
absorption was observed a t  t h i s  wavelength. The 10 remaining o p t i c a l  transmission 
runs were made a t  A =  21502, the center  of the  l a rges t  radiation-induced absorption 
band observed i n  preceding tests. 

2 No equiiibrium 

Plo ts  of the  induced absorption coefficient,  Dynamitron electron current den- 
s i t y ,  furnace power and specimen temperature as functions of elapsed time have 
been made f o r  a l l  of the runs, and the  p lo ts  f o r  runs 10, 14, and 15 are included 
as Figs. 18, 1.9, and 20, respectively.  
i s  controlled manually by the  Dynamitron opera;;or. The turn-on time of the  elec- 
t ron  beam is usually about 1 t o  10 sec as shown i n  Fig. 20 although i n  run 14 
(Fig. 19) there was 2 period of about 100 sec during which a small current of 1 t o  
5 micrcamps w a s  present a f te r  which the  electron beam was turned on f u l l  i n  a 
period of 10 sec. Difficult ies i n  maintaining steady high current dens i t ies  were 
sometimes encountered by the Dynamitron operator. A f t e r  a c e r t a i n  period of 
steady-state operation, the  electron beam current would decrease; t h i s  behavior 
w a s  only encountered i n  one of t he  o p t i c a l  transnission runs, (run 14), and i s  il- 
lus t r a t ed  i n  Fig. 20. The furnace power was changed by the UARL operator i n  a 
t i m e  of approximately 5 sec. 
resulting i n  a change of specimen temperature governed by a t i m e  constant of from 
50 t o  150 sec, depending on the raagnitade of the electron current density, while 
changing the furnace power resul ted i n  8 char2ge i n  specimen temperature governed 
by a t i m e  constant of approximately 2C.O $e::. 

The Dynamitron electron current density 

The Dynamitron current d i r e c t l y  heats  the  specimen, 

It can be seen from Figs. 18 througk 20 “iwL ,321 increase i n  absorption coef- 
f i c i e n t  during i r r ad ia t ion  generally resGlts ? . X I  eikher an increase i n  Dynamitron 
current or  a decrease i n  specimen temperature. Bovever, i n  several  of the  runs, 
the  absorption coeff ic ient  was found t o  inti: .se af ter  the Dynami’tron current was 
turned of f ,  as shown i n  Figs. 19 and 20. 
vious Dynamitron experiments a& represents an anomaly i n  the data a t  present. 
Figures 18 and 20 exhib i t  an overshoot phenomena i n  t h a t  the induced absorption 
coef f ic ien t  reaches a maximum value before returning t o  a lover equilibrium value. 
This i s  due t o  the f a c t  t h a t  the turn-on of the Dynamitron current occurs rapidly, 
while the  r i s e  i n  sample temperature occurs more slowly. 

‘ 

This behavior had been observed i n  pre- 



The equilibrium values of induced absorption coefficient obtained during a l l  

The measured equilibrium induced absorption coefficient 
runs are  plotted against specimen temperature for different  values of electron cur- 
rent density i n  Fig. 21. 
varies from near zero a t  20 microamps/cm2 and 450 C t o  12.i cm-l at 100 microamps/cm2 
and 600 C.  
12.0 cm-l at an electron current density of 150 microanrps/cm* (which similates the 
rocket engine ionizing f lux)  and a specimen temperature of 930 C .  
frm Fig. 21, there was insufficient control of specimen temperature t o  obtain data 
a t  a fixed temperature fo r  a wide range of electron currents. 
indication of the effect  of changes i n  electron current at a given temperature can 
be obtained by extrapolating each of the  data curves i n  Fig. 21 t o  a slsechen *em- 
perature 0:- 500 C. If t h i s  i s  done, an unexpected indication i s  obtained that the  
induced ahsorption coefficient varies approximately as the cube of the  electron 
currznt density. However, the  data are  cer ta inly not yet suff ic ient ly  coqplete t o  
d r a w  conclusions from such extrapolations. 

O f  par t icular  in te res t  i s  the  measured induced absorption coefficient of 

As can be seen 

However, a preliminary 

Post-irradiation spectral  scan6 were mde on a l l  of the previously i r radiated 
specimens over a range of wavelengths from 2150; *to 3000;. 
scans indicated a pronounced absorption bani; a t  A =  21501 w i t h  some specimens 
showing a smaller band i n  the  rarze 2500; - 2700i. 
so that it is d i f f i cu l t  t o  determine the width of  the  individual absorption bands 
accurateiy i n  each case. 
h = 2150A w a s  present, the  measured half-width of t he  band was  approximately 300A. 

A l l  of the spectral  

These bands overlap i n  general 

However, i n  those cases where only the  single band a t  

The time for the induced absorption coefficient t o  decay t o  l /e  of i t s  original 
value as a result of opt ical  bleaching was determined i n  a post-irradiaAion experi- 
ment with specimen number 4 using a hydrogen laup as a light, source and fouirl t o  be 
4800 sec. Since the  photon f lux i n  this experiment was approximate-y 10-7 of tha t  
expected i n  a full-scale nuclear rocket engine, t he  expected opt ical  bleaching time 
constant i n  the W - s c a l e  nu-lear rocket engine is approximately 0.48 x 10-3 sec. 
In  order for optical  bleaching t o  be effective,  the  time constant for  creation of 
coloration must be longer than 0.48 x 10-3 sec. No measurements of this time 
constant for  creation of coloration have yet been made. The most re l iab le  way t o  
determine the  effects of opt ical  bleaching would be t o  conduct an i r radiat ion 
experiment that  included a high-intensity light source so tha t  measurements of 
induced absoqt ion coefficient could be made as a f'unction of 1i;ht intensi ty  as 
well as radiation f lux and specimen temperature. 

S t  eady-S tat  e Neutron Irradiation Experiments 

Progess  on scheduling the proposed steaav-state neutron i r radiat ion experiments 
was delqved when the Union Carbide Safety Committee fa i led  t o  approve the proposed 
experiments i n  t h e i r  present form. 
b i l i t y  of a water leak; Union Carbide i s  unwilling t c  smt down the  reactor i n  the  

The Committee was concerned about the possi- 



event of such a leak because of the  effect on other eyer iments .  
supervisor estimates tha t  it w m l d  take about 5 months t o  make t h e  necessary modi- 
f ica t ions  t o  guarantee approval by t h e  Safety Committee. 
eczauntered i n  attempting t o  szhefhlc t h e  experiments a t  Union Carbide, a search f o r  
an a l t e rna te  reactor  f a c i l i t y  was conducted. The most l i k e l y  candidate for  t he  pro- 
posed neutron i r r ad ia t ion  experiments i s  present ly  t h e  Nuclear Engineering Center 
at Wright-Pattersol: Air Force Base, Dayton, Ohio. 
ind ica te  t h a t  th i s  facil i ty can supply neutron and gama dose r a t e s  at l e a s t  as high 
as those expected f romthe  Union Carbide f a c i l i t y ,  and tha t  no serious problems of 
sa fe ty  or compatibility ex l s t ,  since they a r e  w i l l i n g  t o  shut down tl-. reactor  i n  
the  unl ikely event of a water leak. 
by t h e  ITuc1ea.r Engineering Center's Safety Committee, has been devised which c a l l s  
for  tiwee weeks of experiments beginning July 28. 

The reactor  

I n  view of the  d i f f i c u l t i e s  

Discussions w i t h  r e x t o r  personnel 

A t en t a t ive  schedule, subject t o  final approval 
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ENGIXE i3ESIGN 
(T. S, ktiim, H. E. Bauer and. 2.  J. Rocigers) 

Eugine Cynamics 

The calculation prccedwe f o r  use i n  analyzing tr12 dynmic rRsponse of the NU3 
engine i s  being developed by L d b i n i w  !-he sj;zf;ems of equations which describe the 
Jehavior of the three  coolant c i r c u i t s  j.n the  engine wi5h Lie neutron kiiietics 
equaticns. The cavity coolant circuii,, the secondary hydrogen coolant c i r c u i t ,  
and the hydrogen propellant c i r c u i t  are being analyzed, programmed en? checked 
, spa ra t e ly  and v i l - i  be combined f o r  the study of o-Jerall engine t rans ien ts .  
-5stigations Qf the secondary hydrogen coolant c i rcui t .  have been completed and 

_emple r e s u l t s  are discussed below. 
have been programmed and a r e  presently bt ing checkmi. 
i s  being analyzed i n  a sjmplified form pending flirther. spec i f ic  design work on such 
components as f u e l  and f i s s i o n  p r o d x t  separators. The neutron k ine t ics  equations 
shown i n  Fig. 11 of R e f .  8 have been expmded t o  include r e a c t i v i t y  feedbacks due 
t o  changes i n  moderator temperature, p.+opellant and coolant density, and average 
%e1 residence t i m e .  
and checked out ir preparation f o r  inc1usi.m i n  axz e n t i r e  engine simulation pro- 
gram. 

In- 

rke hydrogen p-opeilant c i r c u i t  equations 
The cavity coolant c i rcui t ,  

The expanded neutron k ine t i c s  equations have been programmed 

The in te r faces  betmeen the  three coo lmt  ,nL-cuits are tke l r s i z t  eXChZrig:eilS and 

Tne anticipated procedure 
the  turbopump.r;, 
feedback thro@h thcse components f o r  each t i m e  s t ep .  
i s  t o  ca lcu la te  the  coolant temperature l eve l s  throu&cJt the engine f o r  each time 
step, apply these temperatures t o  the  calculat ion of prassure losses, ~ L K  modera- 
t o r  temperatures and turbopump cha rac t e r i s t i c s  so t h a t  r eac t iv i ty  coeffir,ienl:s, 
flow variat ions and changes i n  physical properties may be calculated. 

The pro~rms for ~ h c  se2hrate c i r c u i t s  are designed t o  permit 

A schematfc diagram of the secondary hydrogen coolant c i x u i t  used i n  the  
t r ans i en t  analysis i s  shown i n  Fig. 22. This simplified c i r cL i t  d i f f e r s  from the  
c i r c u i t  shorn1 i n  Quarterly Progress Report No. 2 1 i n  tha t  the  pressure ves se l  and 
the upper and lower end walls have been coabined as a s ingle  heat source. ALSO, 
the t i e  rods and flow divider have been combined with the l i n e r  tubes as a s ing le  
heat source, and the cavity coolant c i rcui t ,  heat exchanger has been removed from 
the secondary coolant c i r c u i t  and included i n  the  hydrogen propellant c i r c u i t .  
The conbination o f  t he  components mentioned above does not change the  t r ans i en t  
response of the secondary coolant circuit  t o  any grea t  degree si.nce the  heat de- 
posit ion i n  the  end walls, t i e  rods and flow divider 'is approximately 10 percent 
of the t o t a l  swcndary coolant c i r c u i t  heat dep0sizic.n and these components a r e  
combirled with rneJor- components which have similar time response cha rac t e r i s t i c s  
and similar coolant residence times. 



I n  order t o  i so l a t e  the secondary coolant c i r c u i t  from the remainder of the 
engine, it vas necessary t o  assme tha t  a l l  of the heat deposited i n  the secondary 
coolant i ~ o u l d  be rejected i n  tine primary-to-secondary c i r c u i t  heat  exchanger (com- 
porxmf 204, Fig. 22) so t h s t  the temperature a t  the hest  exchanger ou t l e t  ( location 
2045, Fig. 22) is  essent ia l ly  constant. 
qpreeLs'ule change i n  the secondary c i r c u i t  pressure loss  o r  i n  the  secondary pump 
speed so tha t  the flow r a t e  i n  the secondary c i r c u i t  was constant. "be equations 
used t o  6escribe the heat exchanger a d  pump charac te r i s t ics  have provisions fo r  
varying L h e s E  velues when the appropriate inputs a r e  Zvailzble from tne equations 
describing the  remaining coolant c i r c u i t s .  

It wes a l so  assumed t h a t  there  was no 

Tne response of l o c a l  temwrature leve ls  i n  the secondary coolant c i r c u i t  t o  
a IC) percenc s t ep  increase i n  power l eve l  i s  shown i n  Fig. 23. 
13 percent s t ep  decrease i n  power l e v e l  i s  shown i n  Fig. 24. 
coola,l'; residence t h e  i n  each cmsonent may be seen frm the  slope of the  ou t l e t  
temperature variacion. 
exhalager i n l e t  tm2era ture  (location 2040, Fig. 22) i s  dKe t o  the t i m e  required 
f o r  the coolant t o  t r a v e l  from the  transparent w a l l  ou t le t ,  which i s  located a t  the 
upper en2 of the unit  cavi t ies ,  t o  the heat  exchawer which i s  i n  the upser end of 
the pressure vessel .  

Tne response t o  a 
The effect of the 

The addi t iona l  t i m e  lag vhich may be noted i n  the  heat 

The percentage chaw2 i n  the temperature r i s e  i n  each component i s  equal t c  the 
psrcentzge c h a g e  in power l eve l  with the  exceytion of the  transparent wal l  during 
a posi t ive power cxcursion. This difference i s  a r e s u l t  of a nonlinear trariation 
i n  the r2diant heat zbsorption r a t e  i n  the transparent w a l l s ,  which i s  a function 
of the f u e l  radiat ing temperature and the  absorption coef f ic ien t  af the  t r a n s p r e n t  
wall. Ai eqsation f o r  the var ia t ion  of the radiat ion heat load i n  the  transparent 
~21:s as  8 function of f u e l  radiet ing temperature was developed frora data given i n  
Ref. 9. The data indicated t h a t  the rad is t ion  heat load w a s  proportional to the  
fourth power of the f ie1 radiat ing temperature if  the f u e l  radiat ing temperature i s  
below 15,000 R. If the a e l  radiat ing temperature i s  above 15,000 R, the  change i n  
the a5sorption coeff ic ient  causes the radiat ion heat  load t o  increase more rapidly 
with temperature, becoming approximately proportional t o  the  ninth power of the f u e l  
radiat ing temperature. Since the f u e l  radiat ing temperature i s  propfirtlonal t o  the 
fourth root of the engine pcwer level ,  a combitlation of the equations f o r  radiat ing 
temperature and radiat ion heat load indicates  t h a t  the  radiat ion hesr; load t o  the 
transparent walls i s  d i r ec t ly  proportional t o  the pcwer var ia t ion  for radiat ing 
tem2eratures less than 15,000 R and.proportiona1 t o  the 9/4 power of the  power 
var ia t ion  f o r  radiat ing temperatures i n  excess of 15,000 R. 

Since the radiat ion heat load i s  on the order of one half of t h e  t o t a l h e h t  
deposited i n  the transparent walls, the  overa l l  e f f e z t  of a posi t ive 10 percent 
s tep  change i n  power l eve l  i s  approximately a 1 5  percent increase i n  the terrpei-a- 
ture  r i s e  i n  the transparent u a l l .  
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Engine Start-up 

Studies of engine s ta r t -up  concepts were i n i t i a t e d .  Three forms of f u e l  a r e  
under consideration: pa r t i c l e s ,  m6, and molten uyanium. UF6 and pa r t i c l e s  show 
merit as  starc-up f ce l s ,  while e i t h e r  pa r t i c l e s  o r  l i qu id  uranium a p y z r  su i t ab le  
f o r  full-power operation. 

The star t -up s teps  a re  as  follows: (1) close nozzle (it vas shown i n  R e f .  10 
t ha t  a variable-throat-area nozzle would be necessary t o  l i m i t  the  flow r a t e  of 
propellant during s tar t -up);  (2) f i l l  both the hydrogen ducts and the neon system 
from storage un t i l  i t s  neon density i s  equal t o  the neon in jec t ion  density a t  

temperature); (3) turn-on neon rec i rcu la t ion  pum?, (4) i n j e c t  f u e l  pa r t i c l e s  o r  
UF6 until c r i t i c a l  mass i s  reached; (5) increase power l eve l  and ad jus t  flow ra t e s  
and pressures t o  maintain c r i t i c a l i t y  and pressure balance throughout the system 
and t o  l i m i t  component temperatures t o  desirable  levels ;  (6) i n j e c t  propellant 
seeds a t  about 10 gercent of f u l l  power (this occurs a t  an equivalent black-body 
radiat ing temyra ture  of 8500 R, a t  which point the exhaust nozzle i s  nearly i n  
the  x'ull-open posit ion);  and (7) r a i s e  power t o  desired l eve l ;  

nominal f k l l  power operatiOD (0.926 l b j f t  3 , or  a pressure of 17.7 atm a t  roan: 

Thus f a r ,  work has been concentrated on s t e p  (5). To make the s tudies  t r a c t -  
able, it has been assumed t h a t  s ta r t -up  can be controlled such t h a t  power w i l l  in-  
crease on a l i n e a r  r m p  from o power t c  10 percent of f u l l  2ower (460 megw). TWO 
s ta r t -up  r a t e s  a r e  under consideration: 
1 min, and a linear power ramp rlsing t o  460 megw i n  10 min. 
assmed t h a t  the  f t s s i o n  e x r g y  is  deposited uniformly i n  the  f u e l  cloud. Equations 
have been derived which describe the  energy balance i n  a u n i t  c e l l  during the s t a r t -  
up process. 
governed by conduction and convection, with convection being the pr inc ipa l  energy 
l o s s  mechanism, whiLe a t  high powers, r sd ia t ion  beccmes the  dominant energy loss  
mechanism. 

a l i nea r  p o w e r  raap r i s i n g  t o  460megr~ i n  
It has a l so  been 

A t  low powers, the  loss rate of energy frm the f'uel region i s  

Data have been obLaine2 describing the  physical properties and compositions of 
fuels ,  buffer gas, and propellant over the  range of temperatures and pressures of 
i n t e re s t .  The energy balance equations w i l l  5e programed shc r t ly  t o  obtain the  
required tezperature, pressure, and flow r a t e  time h i s to r i e s  during the  s tar t -up 
power raips  . 
power ramp w i l l  a l so  be made t o  determine the  f u e l  in jec t ion  r a t e s  required during 
the s cart-up process. 

j 

C r i t i c a l i t y  calculat ions for  several  points during the s ta r t -up  1 
Design of Pewee In-Reactor Test 

Results of s tudies  directed toward determinirg the  f e a s i b i l i t y  of t e s t i n g  a 
nuclear l i g h t  bulb model employin& a f i ss ioning  gas i n  a Pewee type t e s t  repxior 
were presented t o  Los Alamos staff members. The resul ts  presented included drawTngs 
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of a rzference design f lux  t rap,  drawings and l ists  of a l t e r a t ions  t o  the basic 
Pewee reactor  design required t o  in se r t  a f lux t r sp ,  and data describing the l eve l  
of performance and types of demonstration tests which could be performed. 
the r e su l t s  indicated t h a t  nuclear l i gh t  bulb demonstrat ion tests could be performed 
i n  a Pewee type reactor w i t h  a cen t r a l  flux t r a p  i n  which the  surface radiat ing 
temperature might reach 14,600 R at vortex region pressures of 500 atm. 
mensions CI’ t h e  t e s t  region would be approximately 3 in.  i n  d i a m t e r  and 15 in.  long. 

Briefly, 

The di-  

Several suggestions were made by Los Alamos staff merfoers. The principal  
item of concern was t h a t  the e f f luent  from the vortex t e s t  region had t o  be piped 
tnrough the center of the exhaust nozzle i n t o  a region where the piping woula be 
exposed t o  the high heat loads i n  the exhaust plume. To avoid th i s ,  it w a s  sug- 
gested tha t  the poss ib i l i t y  of placing the NLB t e s t  vortex i n  the Pewee r e f l ec to r  
be investigated.  
dicate  t h a t  performance levels  i n  the r e f l ec to r  region would be e s s e n t i d l y  the 
same as i n  a central  flux t rap.  
cates  t h a t  a demonstration test could be placed i n  the r e f l ec to r  with the e f f luent  
from the t e s t  piped out through the pressure vesse l  near the nozzle throat  such 
Slat exposure t o  the exhaust plume could be avoided. Inser t ion  of an NLB demon- 
s t r a t i o n  t e s t  i n  the Pewee r e f l ec to r  w i l l  be included as one of the test options 
i n  the interim summary report .  

Preliminary investigations of thermal neutron f lux  leve is  in- 

Examination of the assembly drawings a l so  indi-  

Another suggestion w a s  made t o  explore the poss ib i l i t y  of constructing a small 
test reactor  w i t h  a flux t r a p  made of zirconium f.Jrri& which might require far  
fewer Pewee f u e l  elements. It w a s  found from exploratory onedimensional calzu- 
la t ions  t h a t  a small configuration could be designed which would go c r i t i c a l  with 
approximately 126 Pewee f ie1 elements. However, the peak thermal neutrcn fluxes 
achievable would r e s t r i c t  performance leve ls  of a test  to  surface radiatfng 
temperatures less than 10,000 R.  %cause of the reduced performance, it has beeii 
decided t o  drop the poss ib i l i t y  of a small configuration as an NLE3 demonstretion 
t e s t  reactor  option. f 
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MISCELLANEOUS 

The following vis i ted the Research Laboratories during the  reporting period t o  
discuse one or  more phases of gaseous nuclear rocket technology: 

April :?8, 1969 - Captain C. E. Franklin of the Space Nuclear Propulsion Office 

I June 10, 1969 - ?$r. F. C. Schwenk and Captain C. E. FrarLklin f'roa the Space 
Nuclear Propulsion Office 

In addition, one or uore phases of gaseous nuclear rocket technology were 
discussed during the following t r i p s :  

April 1, 1969 - Los !.lanos Scient i f ic  Laboratory (Messrs. W. B I a ~ ~ i n ,  K. Eoyer, 
H. Knight, V. Zeigfier, F. Durham, J. Farr, J. Weinbrecht, K. Cooper, 
C. Bankston, D. Blevins, J. Cully, H. Newman, W. Kirk, J. Orndoff, D. Hason, 
J. Rowley, J. Sapir, R. Schreiber, G. Jarvis, and C. Larrdahl from LASL and 
Captab C. E. FraJlkl.in from the  Space Nucieax Propulsion Office) 

April 15, 1969 - University of I l l i no i s ,  Urbana, I l l i no i s ;  seminar en t i t l ed  
"Research on tine Nuclear Light Bulb Gaseous-Core Reactor." 

May 1, 1969 - Space Nuclear Prop&hn Office (Mr.  F. C. Schwenk and 
Captain C. E. FranlrLin) 

f 
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LIST OF SYMBOLS 

c 

-. - 

* .  

-. 

.. 

a 3  Spectral absorption coefficient, cm'l 

Vortex tube injection area, sq in. A5 

AS Discharge surface area, sq in. 

d Dischcrge diameter, in. 

f Frequency, MHz 

1 Vortex tube length, in .  

P Heactor power, megw 

Discharge pressure, atm PD 

QT,3 

PEtrtial pressure of nuclear fuel, atm 

Total d-c input parer t o  r-f heater, kw 

Effective black-body radiative flux, Btu/f't2-sec 

Power conPclcted through p e r i p h e r a l w a . ,  kw 

Power deposited in end-wall cooling water, kw 

Fower measured by radiometer (see text), kw 

Power radiated thraclgh test section of d-c propellant heater duct 

Total discharge power, (% + $J + %I,  kw or 
Total radiative f lux = Q ? ,  erg/c$-sec 

Fraction of t o t a l  axc power in  d-c t e s t  section 

%F 

QN 

Q W  Spectral radiative flux, erg/cm-sec 

r Local radics from center of climber, in. or f% 

Parer convected out of test chamber i n  thru-flow exhaust duct, kw 

Power deposited 2n peripheral. w a l l  coolant, kw 
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LIST OF SYMXLS 
(cont ‘a) 

r B  

r1 

r0 

T 

TAV 

Y 

t7 
,’ 

A 
.a- 

w 

Buffer-stream radius a t  in le t ,  in.  or f’t 

Inner-jet radius at inlet, in.  or f t  

Peripheral-wall radius, in .  or ft 

Temperature, deg K or  R 

Average temperature i n  plasma determined f’rom measurements of 
radiated power, deg R 

Equivalent black-body radiating temperature, deg R 

Discharge volume, in.3 or loca l  velocity, f t /sec 

Argon weight flow, lb/sec 

Weight flow r a t e  of combined outer and buffer streams, lb/sec 

Weight f l o w  r a t e  of inner j e t ,  lb/sec 

Distance from center of fuel  containment region, cn: 

Distance from edge of f i e 1  containment region, cm 

R-F system coupling efficiency, */pI, dimensionless 

Wavelength, micron 

Subscript 

Radiant energy flux ($J + QR - %)/& , b / s q  in. 

Spectral wave number, cm-1 

0 I n i t i a l  or reference condition 

. c 



TABLE I 

ClWdACTEXISTICS OF HIGH POWER R-F LIGm SOURCE 

Discharge Geometry 

Diameter, d 

Length, 1 

Surface Area*, 

Volume*, V 

Flow Conditions 

Discharge Gas 

Injection Flow Rate, WA 

Dischaxge Pressure, PD 

Average Temperature, T A ~  

R-F Parameters 

Frequency, f 

Total Input Power, PI 

Total Discharge Power, &r 

Efficiency, V 

Power Dissipation 

Power dissipated i n  peripheral-wall 
coolant, $J 

Power conducted through peripheral 
w a l l ,  ec 
Power deposited i n  end-wall cooling 
water, % 

0.82 in .  

2.00 in .  

4.28 sq  in. 

0.71 in.3 

Argon 

0.03 lb/sec 

8.5 a t m  

20,500 R (see text) 

5.51 MHz 

600 kw 

215 kw 

35.8 percent 

147 kw 

9.0 kw (see t ex t )  

47 kw 
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TABLE I 
( cont d) 

Power convected out of t e s t  chamber i n  
thru-flow exhaust duct,  QIIF 3.0 kw 

Power measured by radiometer, QR 18 kw 

Power radiated through per ipheral  w a l l ,  
($r + % - %) 156 kw 

Radiating flux based on discharge surface 

area, $R = (% i- QR - %)/As 36.7 h/sq in. 

Equivalent black-body rad ia t ing  
temperature, TBB 10,200 R 
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TABLE I1 

SUMMARY OF WtSULTS FOR GAS DIPZHARGE TEST 
W L O Y I N G  TRANSPARENT-NALL MODEL 

Test Conducte3 i n  1.2-megw R-F Induction Heater 
Photograph of Model Shown i n  Fig. 6 

Flow Conditions 

Discharge gas 

Injection flow rate, WA 

Discharge pressure, $ 

Discharge length, 1 

Diameter of model 

Power Dissipation 

Tot& discharge power, @ 

Power deposited i n  end v d l  cooiing 
water, f+ 

Power deposited i n  water coolant i n  
0.060-OD fbsed silica tubes, q4 

Power measured by radiometer, QR 

Power deposited i n  annular cooling 
water, % 

.Argon 

0.012 lb/sec 

4.6 a t m  

2.0 in .  

1.25 in.  

Absolute 
e Power, h- 

20.5 

2.6 

7.1 

5.8 

5.0 

Fraction of 
Total Power 

1.0 

0.13 

0.35 

0.28 

0.24 



TABLE I11 

C 

Ionization Potentials, I .P.  Effective Black-Body Total Flux 
(4 Radiating Temperature, Tgg a t  T p  

Case U I  U I I  U I I I  U I V  Ref'. (deg 8) Btu/ft -see 

1 6.1 17.1 38.8 65.6 6 15,000 24 , 300 

2 5.11 11.46 17.94 31.14 7 15,000 24 , 300 

DATA USED I N  CALCULATING SPECTRUM RADIATED FROM FUEL 
(see Figs. 1 2  t o  17) 



FIG. 1 

r: , 

i 

GEOMETRIC CHARACTERISTICS OF DISCHARGES OBTAINED IN TESTS 

RANGE OF DISCHARGE PRESSURE, P D  = 2 TO 16 ATM 

RANGE OF ARGON WE'SHT FLOW, W A  = 0.C10 TO 3.041 LB/'SEC 

SOLi'2 SYMBOLS DENOTE SWIRL INJECTORS ON BOTH END WALLS 
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H-910093-44 FIG. 2 

VARIATION OF RADIANT ENERGY FLUX WITH TOTAL DISCHARGE POWER 

RANGE OF DISCHARGE PRESSURE, Po = 2 TO 16 ATM 

tZANGE OF ARGON WEIGHT FLOW, W A  = 0.010 TO 0.041 LB/SEC 
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H-9 10093-44 FIG. 3 

VARIATION OF DISCHARGE POWER PER UNIT VOLUME WITH TOTAL DISCHARGE POWER 

RANGE O F  DISCHARGE PRESSURE, PD = 2 TO 16 ATY 

RANGE OF ARGON WEIGHT FLOW, W A  = 0.010 TO 0.041 LB/SEC 

=LID SYMBOLS DENOTE SWIRL INJECTORS ON 60TH END WALLS 
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EFFECT OF DISCHARGE PRESSURE ON FRACTION OF POWER RADiATED 

0 

RANGE OF T O T A L  DISCHARGE POWER, Qr = M TO 116 KW 

(1.015 

SYMBOL 

t 0.012 I 

. 0.8 
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I 

2 5 10 20 

DISCHARGE PRESSURE, P, - ATM 

FIG. 4 



H-910093 -44 FIG. 5 
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TYPICAL RADIAL DiSTRlBUTlONS OF TEMPERATURE 
OBTAiNED IN GAS DISCHARGE TESTS 
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H-910093-44 FIG. 7 

SKETCH OF PROPELLANT HEATING DUCT CONFIGURATION 
FOR TESTS USING D-C ARC SOURCE 

WATER COOLED COPPER ANODE 
(MAGNETIC ROTATION) 

FUSED SILICA TUBES 

1.26-IN. ID x i.37-IN. OD 
1.57-IN. ID x 1.60-IN- OD 

224-IN. ID x 2.40-IN. OD 

BUFFER LAYERS 

BUFFER GAS INLETS 

ANNULAR COOLING 
WATEROUTLET 

0-C 
ARC 

- ANNULAR COOLING 
WATER INLET 

--F PROPELLANT OU 

EEDED FLOW WLET 

ALUMINUM COATED SURFACE 

TLET 

'EN CATHODE 

i, 
VORTEX FLOW 



H-910093-44 FIG. 8 

,. . 

g . c 

CHARACTERISTICS OF D-C ARC SOURCE USED 
IN SIMULATED PROPELLANT HEATING TESTS 

SEE FIG. 7 FOR TEST SECTILN DETAILS 
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H-910093-44 FIG. 9 

RESULTS OF INITIAL PROPELLANT HEATING TESTS USING D-C ARC SOURCE 

DETAILS OF CONFIGURATION GiVEN IN FIG. 7 

1, 

a) TRANSMITTED RAOlATlON 

b) SIMULATED PROPELLANT EXIT TEMPERATURE 
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H-910093-44 FIG. 10 
SKETCHES OF INLET CONFIGURATIONS EMPLOY ED IN COAXIAL-FLOW TESTS 

OUTER-STREAM INLET MANIFOLD 

UFFER-STREAM INLET MANIFOLD 

NNER-JET INLET MANIFOLD 

INLET PLANE (TYP) 

a) SCREEN INLET 

WOVEN WIRE SCREEN - 0.028 IN. DIA WIRE, 
16 MESH, 31 PERCENT NOMINAL OPEN AREA 

ADHESIVE SEALANT BETWEEN PLENUMS 

b) FOAM INLET 

PERFORATED P L A T  E 

SCOTT INDUSTRIAL FOAM - 1/2 IN. THICK, 
30 PORES PER IN. (NOMINAL), 

JOINED TO PERFORATED PLATE, 
WITH ADHESIVE 

97 PERCENT VOID-FOAM 

NO FLOW FROM BUFFER INLET MANIFOLD 

c) FOAM AND PERFORATED PLATE INLET 

FOAM AND PERFORATED PLATE ASSEMBLY 
AS IN b) FOAM INLET 

PERFORATED PLATE ' 

INNER-JET INLET MANIFOLD EXTENDS TO END 
OF FOAM TO INSURE 100 PERCENT INNER-JET 
GAS CONCENTRATION AT I N L E T  PLANE 



H-910093-44 FIG. 11 
COMPARISON OF APPARENT COAXIAL-FLOW CONTAINMENT FOR SEVERAL 

SYMBOL INLET CONFl GURATION - a) SCF(EEN 

&---4 b) FOAM 

INLET CONFIGURATIONS 

DATA OBTAINED 'I 0,  
IN. IN. 

2.50 3.25 REF. 3 

2-50 3.25 PHOTOGRAPHS 

BUFFER AND OUTER GAS - AIR 

INNER-JET GAS-FREON-I 1 

C)FOAM 

c )  FOAM AND 
- 

PERFORATEDPLATE 

3.00 3.62 PHOTOGRAPHS 

3.00 3.63 PHOTOGRAPHS 
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r 

1 2 S 10 .a 50 100 
AVERAGE OUTER-STREAM AND BUFFER STREAM WEIGHT FLOW RATE, W ~ ~ n  

INNER-J ET WEIGHT FLOW RATE 
- 
WI 



H -910093-44 

PARTIAL PRESSURE DISTRIBUTION IN FUEL REGION 

y = 20.75686 - X 

0 10 20 

DISTANCE FROM CENTER OF FUEL REGION, x - CM 

1 I I I 

DISTANCE FROM EDGE OF FUEL, y - CM 
20 15 10 5 0 

FIG. 12 



H-9 10093-44 
TEMPERATURE DISTRIBUTIONS IN FUEL REGION 

FIG. 13 
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H -9 10093-44 FIG. 14 
SPECTRAL ABSORPTION COEFFICIENTS OF NUCLEAR FUEL Ar VARIOUS TEMPERATURES 

AND PRESSURES YSED IN THE NINTH ITERATION -- - - - CASE 1 

CASE 2 9 
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FIG 16 H-910093-44 

COMPARISON OF SPECTRAL FLUX AT EDGE OF FUEL AND 15000,R BLACK BODY SPECTHUG 
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H-910093-44 FIG. 17 

COMPARISON OF FRACTIONAL SPECTRAL FLUX DISTRIBUTION AT EDGE OF FUEL AND 
FRACTIONAL SPECTRAL FLUX DISTRIBUTION FOR A BLACK BODY 15,000 DEG R 
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H-910093-44 FIG. 18 

INDUCED ABSOKPTION COEFFICIENT, CURRENT 
DENSITY AND SAMPLE TEMPERATURE 

DURING RUN 10 - - .. 

A =  2150 i SPECIMEN NO. 1 

PRE-IRRADIATION ROOM-TEMPERATUSE ABSORPTION COEFFICIENT = 0.0 

POST-IRRADIATION ROOM-TEMPERATURE ABSORPTION COEFFICIENT = 0.0 
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H-910093-44 FIG. 19 

INDUCED ABSORPTION COEFFICIENT, CURRENT DENSITY 
AND SAMPLE TEMPERATURE DURING RUN 14 

= 2150 SPECIVY NO. 2 

PRE- IRRADIATION ROOM-TEMPEZATURE ABSORPTION COEfFlClENT ~ 0 . 0  
POST- IRRADlAllON ROOM-TEMPERATURE ABSORPTION COEFFICIENT = 2.1 
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H-910093-44 FIG. 20  

INDUCED ABSORPTION COEFFICIENT, CURRENT DENSITY 
AND SAMPLE TEMPERATURE DURING RUN 15 

A = 2150 B SPECiMEN NO. 6 

PRE- IRRADIATION ROOM-TEMPERATURE ABSORPTION COEFFICIENT = 1.55 
POST-IRRADIATION ROOM-TEMPElibTURE ABSORPTION COEFFlCiENT = 1.57 
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FIG. 21 
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EQUILIBRIUM INDUCED ABSORPTION COEFFICIENT VS SAMPLE TEMPERATURE 
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H-9 10093-44 FIG. 22 

NUCLEAR LIGHT BULB SECONDARY COOLANT CIRCUIT 

REGION NUMBEsS ARE THREE DIGIT NUMBERS SHOWN IN PARENTHESIS 

LOCATION NUMBER5 ARE FOUR DIGIT NUMBERS 
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